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Abstract

Gallium arsenide junction tkld-effect transistors (GaAs JFETs) arc promising for deep cryogenic (<10 K) readout electronics
applications. This paper presents the structure and fabrication of GaAs (JFETs) and their performance at 4 K. It is shown that
these JFETs operate normally at 4 K, with no anomalous behavior such as kinks or hysteresis. The noise voltage follows a 1 / J
dcpendcncc and is approximately 1 pV/& at 1 Hz for a ring JFET that is 1250 pm in circumfcrcncc  and 20 pm long.  The
gate leakage current reaches 1 pA at a gate vollagc  of -6 V, and increases cxponctially  at approximately 1 dccadc  per volt. The
noise is within the limits of the rcquiremcnls for typical VLWJR readout applications; the extrapolated gate leakage current at
typical operating biases is higher than the required limit by two orders of magnitude. Planned improvements to reduce the
leakage current arc discussed.

1. Introduction

Future imaging instruments for very long wavelength infrared (VLWIR)  will usc detector arrays cooled to deep cryogenic
tcmpcraturcs  (below 10 K), and will require readout electronics that operate at the detector tcrnpcraturc.  For previous cryogenic
arrays of only a fcwr pixels, it had been possible to isolate the electronics in a warm compartment and run wires to each detector
in the array. ‘l%c large heat load carried by these wires, and their susceptibility to crosstalk and noise pickup makes this
approach impractical for larger array formals that arc planned for future space-based VLWIR imagcrs. For this reason, NASA
has actively been exploring readout electronics which can be functional below 10 K. Typically, VLWIR detectors have very high
impcdancc and low dark currents, so the readout input currents nm.t be low. Also, the expected signals are small, requiring low
amplifier noise to prcscrvc  the sensitivity. For cxarnplc,  the Space Infrared Tclcscopc  Facility (SIRTF) plans to usc detectors
cooled to 2 K that will require amplifiers with lCSS  than 10-] 7 amp input current, and with a noise of Icss  than 1 IJV/& at 1
Hz.

Readout electronics for the deep cryogenic temperature range is challenging bccausc of the phenomenon of carrier frcczc-out.
It takes a small  but finite energy to liberalc  carriers from dopant atoms in lightly or rnodcratcly  doped Scmiconduclors.  At
sufllcicnt  Iy low tcmpcraturc  the carriers lack the thermal energy to remain free, and arc recaptured by the dopant atom. Freczc-
out results in transistor performance degradation including excess noise, current-voltage anomalies such as kinks and hys(crcsis,
or even complctc  dcvicc failure.

For higher tcmpcraturc  operation, silicon-based electronics exist that arc completely adequate for most read-out applications.
However, silicon is not WC1l suited to deep cryogenic operation. Moderately doped silicon freezes out above 40 K, ] causing
silicon bipolar transistors and JFETs to fail by that tcrnperaturc. Conventional silicon MOSFETS, which usc highly doped source
and drain regions, can opaatc down to somcwrhat  lower temperatures by inducing an inversion charge in the frozen out channel.
ElclowI about 20 K, however, the noise becomes cxccssivc for many applications, and kinks and Ip!xcrcsis often bccomc
apparent,

in addition, the sensitivity of silicon CMOS to radiation damage is increased at ctyogcnic tmpcraturcs,  and high doses of
radiation often occur in spacc=bascd  applications. The radiation sensitivity incrcascs  because holes gcncratcd in the oxide by
radiation arc almost completely immobile, evcu at temperatures as high as 77 K, while electrons are rapidly removed from the
oxide, Thcrcforc, every onc of Ihc electron-hole pairs gcncratcd in the oxide by radiation results in permcncntly  trapped positive
charge. This is particularly a problcm under the relatively thick field oxide, which can trap enough charge to invcrl  the surface,
and actually short circuit the transistors.
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Thcrcforc, a transistor technology must  be dcvclopcd  for deep ctyogcnic  applications. onc approach is to optitnizc silicon
MOSFET readout electronics by careftdly  tailoring the doping, in order to rcducc ~hc nokc and anomalies at deep cryogenic
tcmpcraturcs. This has been undcriakcn  at TRW,2 and is prcscnth’  underway at other silicon foundries. Another approach is to
develop readout electronics in a materials syslcm  which  has already  dcmonslratcd good dmp cvogcnic  pcrfortnancc,  such. as
galliun~ arsenide junct ion field-cflcct transistors (GaAs JFETs).3~4

GaAs JFETs arc WCII suited to deep cryogenic applications because of the WY small electron effcctivc  mass in GaAs.  This
small mass results in the donor states being very shallow, that is, it requires a very small energy to liberate electrons from donor
atoms in GaAs.  Also, the small cffcclivc mass implies that the radius of the bound donor states arc very large, and it requires a
relatively low doping concentration before the mean dislancc belwecn dopaul atoms is smaller that the bound state  radius. When
this occurs, the semiconductor bccomcs  dcgcncratc,  that is, the dopant atoms slates rncrgc with the free carrier bands, and the
semiconductor bccomcs  immune to frcczc-out. In n-type GaAs, dcgcncracy occurs for doping concentrations of lCSS than 1 x1O  16
cn~-3, which is low enough to allow dc Ic[ion at reasonable voltages. Holes in GaAs have a much Iargcr cffcctivc mass, but by

t?doping to concentrations above SXIO] cn~-3 p-type GaAs can still be made dcgcncratc.  1 A GaAs JFET constructed using a
heavily doped p-layer on top of a moderately doped n-layer is thcrcforc immune to frccz.c out, and is cxpeclcd  to have good
performance at deep cryogenic temperatures. In addition, since JFETs do not usc a dielectric insulator, they arc inherently lCSS
susceptible to radiation damage.

2. Fabrication of Cryogenic GaAs JFETs

GaAs JFETs with the slruclurc  shown in Fig. I have been fabricated at the Jet Propulsion Laboratory MicroDcviccs  Lab.
Slatling  on a semi-insulating GaAs subs[ratc, molecular beam cpilaxy (MBE) is used to cpitaxially  grow an undopcd  spacxx
layer, a moderately doped n-type channel layer, and a dcgcncratcly  doped p-type gate layer. A tri-layer gate xnc[al  of titanium,
platinum, and gold is deposited and pat[crncd by lifloff,  using image reversal photolithogrtipby.  The structure is then wet
chemically ctchcd  using a NH40H:H202:H20 (25:1:6250) solution with the gate metal acting as a self aligned mask. This
removes the p-type GaAs evcrywrhcrc except dircclly  under the gate metal. Devices are isolated by a mesa etch protected by
photorcsist,  and using lhc same etchant as the gate etch. A tri-layer ohmic contact mctalimtion  consisting of nickel, germanium,
and gold is deposited and patterned by liftotT.  The structure is then sintcrcd at410 “C for 13 seconds to alloy the ohmic contacts.
Lastly, an overlaycr  of gold is deposited on the ohti~ic  contacls and gate metal, in order to facilitate wire bonding,
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Fig. 1, The layer slructurc and the device structure of the GaAs JFETs.

Three different chips have been fabricated and arc rcfcrrcd to as J3, J4, and JS, respectively. Each chip had different
thicknesses and doping concentrations of the p and n layers, as lisled in Table 1. All were grown by MBE. Chip J5 duplicated
the Iaycr struc(ure  previously used by Acrojct to fabrica[c  GaAs JFETs that had good deep cryogenic performance. 4 Chips J3
and J4 have higher and lower doping conccnlra[ions,  respectively, in the n-type channel Iaycr. The channel layer thickness w’as
chosen to make each device pinch off at approximately 5 V,

On each chip, several dcviccs  of different gcomco’ics  were made. These included a SCI of ring JFETs in which a ring gate
separates the central circular source from the surrounding drain. JFETs were made with gate ring diameters of 200 pm and 400
}(m, with a corresponding circumfcrcncc  of approximately 62S and 1250 pm, respectively. The JFET length, that is, the
thickness of the gate ring, varied from S to 50 pm.
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Chip N-type Channel Layer P-typc Gate Layer
Doping Concentration Layer Thickness Doping Concentration Layer Thickness

(cnl-~) (11111) (cni~) (rim)
J3 1X1OI6 850 >sxlol~ 5(I
J4 1X1011 265 >5xloI~ 50
J5 5XIO16 375 5xlol~ 500

Table 1: The layer slructurc  of the JFET chips.

3. Mcasurcmcnts  of GaAs JFETs at 4 K

The JFET chips were epoxicd into 68-pin lcadlcss chip carriers. The. chip carriers were then mounted on the coldfingcr  of an
cvacuatcd  LakcShorc MTD- 150 flow-through dcwar, and were cooled to 4 K. The electrical properties of the JFETs at 4 K were
measured using an HP4 145B semiconductor parameter analyzer. The dcviccs  behave normally at 4 K. The transistor curve is
shown in Fig. 2 for a typical device, the 20s 1250 (Icngth x circumfcrcncc)  ring JFET on chip J3.
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Fig. 2: The transistor curve at 4 K for a 20x I 250 ~n] (length x circumfcrcncc)  ring JFET from chip J3.

The gate Icakagc  current varies widely from transistor to transistor and from chip to chip, though in general, the gate current
exhibits an exponential dcpcndcncc on the gate vol(agc. There was no systematic dcpcndcncc on the gate area or pcrirnctcr.  All
of the transistors on chip J4, which has the highcs(  channel doping concentration, have very high gate leakage current. The gate
leakage of the transistors on chip J5, however, are typically lCSS than that of those on chip J3, even though chip J5 had a higher
channc]  doping concentration, The exponential nature of the gate leakage current is characteristic of Ilcld emission. This is
consislcnl  with the fact that it incrcascs  for high doping concentrations. The Iargc variation and lack of a syslcrnatic  geometry
dcpcndcncc suggcsls  that the current is highly process dependent. The gate leakage currents arc compared in Fig. 3 for the
20x 1250 (Icng(h x circumfcrcncc)  ring JFET on each chip. The plot cuts off at 1 pA, which is the sensitivity limit of the
HP4 1451J  used for the mcasurcmcnt.
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Fig. 3: The gate leakage current as a function of gate voltageat4Kfor20x1250 ym (length x circumference)
JFETs on chips J3, J4, and J5.

Since readout electronics applications require low power dissipation, typically limited to the order of 1 pW pcr channel, the
transistors musl operate at low bias currents, in or near the subthrcshold  region. A plot of the subthreshold  current as a function
of gate voltage for the 20x1250 (Icnglh  x circumfcrcnce)  ring JFET on each chip is shown in Fig. 4. Curves arc shown for drain
voltages of 0.6 V and 1.0 V. The high gate leakage of the transistor on chip J4, which had the highest n-channel doping,
dominates the transistors behavior before it even rcachcs the subthrcshold  region. The transistors on chips J3 and JS exhibit
good subthrcshold  behavior, however, with a subthrcshold  current S1OPC of approximately 60 n]V/dccadc and 160 n~V/decade,
respectively. The current transistor on chip J5 shows a much Iargc dcpendcncc on the drain voltage than that for the transistor
on chip J3. The reason for this is unknown, but it is of concern, since it lowers the output impedance of the dcvicc.

4, The input-referred noise vo]tagc at 4 K

The noise of the transistors was measured using the circuit shown in Fig. 5, The circuit uscs a EG&G rnodcl 113 differential
prc-amplifier in a feedback circuit. The amplifier gain was SC( at 100, and the frwtucncy  response was SCI from d.c. to 3 kHz (at
lhc 3 dB point). Thc voltage applied on the 1 MQ resistor sets the current through the resistor, as the other cnd is a virtual
ground. The amplifier adjusts  the gate vol[agc in order to keep the source current equal to the resistor current. When any
fluctuation occurs in the source current duc to noise, the amplifier adjusts gate voltage to compensate. The output of the
arnp]ificr  lhcn is idcnticdy the input-referred noise.

The input-rcfcrrcd  noise for the 20x1250 (Icngth  x circumfcrcncc)  ring JFETs on chip J3, J4, and J5 arc shown in Fig. 6.
The spike at 60 Hz is duc to pickup of power line noise; the spike at 80 Hz is duc to an intentionally injcctcd  CalibratiO1l  signal,
The noise for the JFET on chip J5 is just above 1 pV/~ at 1 Hz, and is approximately a factor of 2 higher for the JFET on
chip J3. Both follow a l/fi  dcpcndcncc reasonably WCII. The noise for the JFET on chip J4 has a noise voltage almost two
orders of magnitude greater. It is not known if the high noise Icvcl is correlated with the high level of gate Icakagc  current in
this device. None of the transistors exhibited a systematic dcpcndcncc on the bias current. The transistors on chips J3 and J5 did
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not show any systematic size dcpcndcncc. The transistors on J4, which had higher noise that those on the other chips did show a
noise that approximately scaled with the inverse of the area.
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Fig. 4: The subthrcshold  drain current as a function of gate vol(agc at 4 K for for 20x1250 Nm (length x
circumfcrcnti)  JFETs on chips J3, J4, and J5.
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The circuit used for measuring the input-rcfcrrcd  noise.
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Fig,. 6: The inpul-referred noise voltage as a function of frequcney  at 4 K for 20x1250 ~rn (length x
circumfcrcnee)  JFETs  on chips J3, J4, and J5.

5. Future Research

The noise of the best transistor of this series of chips is approximately 1 pV/@ at 1 Hz. There is a wide variation in the
noise between different types of GaAs JFETs, but the best exhibit input-rcfcrrcd noise as low as 10 nV/G at 1 Hz.3~4 By
proper tailoring of the device geometry, structure, and processing it should be possible to at least duplicate these results.

It is also desirable to reduce the gate current, which can be approached in several ways, First, the JFET can bc redesigned so
that the pinch off voltage is lCSS, which lowers the typical operating vol[agc and cleetric field. Second, the doping concentration
and position can be tailored so as to reduec the peak electric field. Third, the large transistor to transistor variation suggests that
il is proecss dcpcndcnl, and is probably very sensitive to the exacl nature of the gate edge region. Changes in the proecsscs,  such
as the gate etching method, will likely have a strong effect on the gate leakage. The design and fabrication of JFETs for
improved performance is underway.

Further study of the geometry and doping dcpendcncc of the noise will be done. Several open issuscs,  such as the dependence
of the noise on the gate leakage current, and the low output impedance of the dcviccs  on chip J5, will also be examined. A
f[mdamcntal  physical study of the noise proecsscs  in GaAs JFETs is also planned. To this point, most studies have been
phcnomcnological.

In parallel with the improvement of discrctc JFETs, the dcvclopmcnt  of simple amplificrhnultiplcxcr  circuits is also
undcnvay.  These will ini[ially  be simple  1x32 linear arrays of switched source followers. Later, more cornplcx circuits such as
capacitive trans-impcdcncc amplifiers (CTIAS) will be designed and fabricated.



6. Summary

GaAs JFETs have been fabricated that operate normally al 4 K, and dcrnonstratc good performance. For a good transistor,
the noise is on lhc order of 1 I.LV/~ at 1 Hz, which is just within the limit of the rcquircmcnl for typical VLWIR imaging
array readout applications. The gate leakage is approximately 1 PA at a gate vokagc of -W, and incrcascs  cxponctially  at
approximritcly  1 dccadc per volt. The extrapolated gate current for typical operating currents in readout circuits is on the order
of 10-] 5 A. VLWIR applications typically require input currents on the order of 10 -] 7 A. The fabrication of GaAs JFETs
designed for a lower pinch off voltage, and lower gate leakage current, as well as a study of the noise and the design of GaAs
JFET-based readout circuits, arc underway.
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